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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Multiply By To obtain

inch (in.) 25.4 millimeter

foot (ft) 0.3048 meter

mile (mi) 1.609 kilometer

square foot (ft%) 0.09290 square meter

square mile (mi?) 2.590 square kilometer
gallon (gal) 3.785 liter

million gallons (Mgal) 3,785 cubic meter

cubic foot (ft3) 0.02832 cubic meter

foot per day (ft/d) 0.3048 meter per day

gallon per minute (gal/min) 0.06309 liter per second

gallon per day (gal/d) 0.003785 cubic meter per day
million gallons per day (Mgal/d) 0.04381 cubic meter per second
foot squared per day (ft%/d) 0.09290 meter squared per day
gallon per minute per foot (gal/min/ft)  0.2070 liter per second per meter

Abbreviated water-quality units used in this report:

mg/L

uS/cm

milligrams per liter
pg/L micrograms per liter
microsiemens per centimeter at 25 degrees Celsius

For temperature conversions between degrees Celsius (°C) and degrees Fahrenheit (°F), the

following formulas may be used:

°C=5/9 x (°F - 32)
°F = (1.8 x °C) + 32

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929
(NGVD of 1929)- a geodetic datum derived from a general adjustment of the first-order level nets
of both the United States and Canada, formerly called Sea Level Datum of 1929.

vi



GEOHYDROLOGY AND WATER QUALITY OF THE
DURHAM CENTER AREA, DURHAM, CONNECTICUT

by Robert L. Melvin, Janet Radway Stone, Patrick A. Craft,
John W. Lane, Jr., and Bruce S. Davies, 3d

ABSTRACT

Contaminated ground water is wide-
spread and persistent beneath the Durham
Center area in the town of Durham, Conn.
Most of the contaminants are organic halides,
usually trichloroethene, 1,1,1-trichloroethane,
and tetrachloroethene. Less extensive chemi-
cal contamination of surface water, soil, and
glacial sediments also has been detected. Two
manufacturing companies, located at the
northern and southern ends of this largely resi-
dential area, are believed to be the principal
sources of the organic compounds detected in
ground water.

The contamination of water in the bed-
rock, the primary source of drinking water
throughout the area, is the major environmen-
tal concern. Maximum concentrations of
trichloroethene in three bedrock wells range
from 4,500 to about 5,500 pg/L (micrograms
per liter). Concentrations of trichloroethene
greater than 5 pg/L., the maximum contami-
nant level established for drinking water by
the U.S Environmental Protection Agency,
have regularly been detected in water samples
from many other bedrock wells for at least
9 years.

The geohydrology of the area is highly
complex. Compact lodgment till that is up to
30 feet thick and probably fractured, overlies
the bedrock. The bedrock is lithologically het-
erogeneous, and consists mostly of red fluvial
sandstone, siltstone, and conglomerate; it is
locally interbedded with black lacustrine
shales and gray sandstones. Lithology and
stratigraphy interpreted from borehole-geo-
physical logs at Durham Center are consistent
with the Portland Formation subfacies
described in earlier geologic studies. Beds

strike nearly north-south and dip gently east-
ward. At least one high-angle normal fault
transects the bedrock; it strikes northeast and
dips northwest. Acoustic televiewer logs, mea-
surements at outcrops, and azimuthal, square-
array, resistivity data indicate a dominance of
northeast-striking fractures that dip steeply
northwest and southeast. Less prevalent strike
directions are north to east-northeast.

The till and sedimentary bedrock are
dual-porosity, dual-permeability media. The
hydraulic conductivity of the bulk mass of till
is believed to be on the order of tenths of a
foot per day to about 2.5 feet per day, with a
total porosity of about 25 percent and an esti-
mated average fracture porosity of less than
1 percent. The reported transmissivities of the
bedrock range from less than 1 to about
1,700 feet squared per day and storativity is
generally about 10, but the accuracy of these
values is uncertain. The intergranular porosity
of the sandstone units is estimated to average
5 percent, and estimates of fracture porosity
from square-array, resistivity soundings at
two sites were 1.1 and 2.7 percent.

The bedrock has characteristics of both
a single aquifer and a multi-unit, artesian or
leaky aquifer system. A local ground-water-
flow system that includes the upper part of
the bedrock is unconfined. A large-scale flow
system in deeper parts of the bedrock has
transported organic compounds across topo-
graphic drainage divides. Borehole-geophysi-
cal logs and head measurements indicate that
the natural ground-water-flow system in the
bedrock has been altered by drilled wells that
connect fractures and by withdrawals from
wells. A conceptual model of the movement
and fate of organic contaminants suggests that
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(1) nonaqueous phase organic halides are
retained near their source; (2) flow is prima-
rily through fractures in the till and through
fractures and bedding-plane openings in the
sedimentary rocks; (3) retardation of contami-
nants occurs primarily by diffusion from frac-
tures into the aquifer matrix; and (4) transport
directions of dissolved organic halides are
controlled by a combination of natural hydrau-
lic gradients, hydraulic gradients produced by
the cyclical pumping of wells, and by the
strike directions of bedrock faults, fractures,
and bedding planes.

INTRODUCTION

In 1992, the U.S. Geological Survey
(USGS), in cooperation with the U.S. Environ-
mental Protection Agency (USEPA), began
geohydrologic investigations of selected sites
of ground-water contamination in New
England. These sites are on the National Prior-
ities List (NPL) (U.S. Environmental Protec-
tion Agency, 1988, 1989), which was
developed under the authority of the Compre-
hensive Environmental Response, Compensa-
tion, and Liability Act of 1980, as amended by
the Superfund Amendments and Reauthoriza-
tion Act of 1986 (commonly known as Super-
fund). The objective of these investigations
was to develop a preliminary characterization
and understanding of the regional and local
geohydrology of the sites using existing data,
supplemented by a limited amount of new data
primarily collected by methods other than
drilling or excavation. The geohydrologic
characterization can be used to aid the devel-
opment of Superfund Remedial Investigation/-
Feasibility Studies that will be required at
these sites.

Durham Center, the second area in New
England selected for study under the USGS-
USEPA program, is a long-established residen-
tial, industrial, and commercial area that bor-
ders Main Street (Connecticut Route 17) in the
town of Durham, Conn. (fig. 1). Extensive
degradation of ground-water quality by

organic chemicals has taken place in this area
and less extensive contamination of soil and
underlying glacial deposits has been detected
at the sites of two manufacturing companies
(Leggette, Brashears, and Graham, Inc., 1982;
Roux Associates Inc., 1983, 1988, 1990a).

In 1982, DEP issued pollution abatement
and water-supply orders to Merriam Manufac-
turing Co.! and Durham Manufacturing Co.
because DEP considered these companies to
be the likely source of the ground-water con-
tamination in the Durham Center area (The
Hartford Courant, 1983; The New York Times,
1984). USEPA evaluated the Merriam Manu-
facturing Co. facility in 1985 (R.J. Ross, NUS
Corp., written commun., 1985) under authority
of the Superfund program. In 1988, USEPA
concluded that the site, whose name had been
changed from Merriam Manufacturing Co. to
Durham Meadows? was appropriate for place-
ment on the NPL (U.S. Environmental Protec-
tion Agency, 1988). The Durham Meadows
site was added to the NPL on October 4, 1989
(U.S. Environmental Protection Agency,
1989), although there was some uncertainty as
to the boundaries of the site and whether
sources of contamination other than Merriam
Manufacturing Co. facility should be part of
the site. Subsequently, both Merriam Manufac-
turing Co. and Durham Manufacturing Co.
were included as possible sources of contami-
nation (U.S. Environmental Protection
Agency, 1994) and notified that they were
potential responsible parties for investigation
and remedial activities at the Durham Mead-
ows Superfund site (M.S. Hohman, U.S. Envi-
ronmental Protection Agency, written
commun., 1993).

! The use of trade, product, industry, or firm
names in this report is for identification or location
purposes only, and does not constitute endorsement
of products by the U.S. Geological Survey, nor
impute responsibility for any present or potential
effects on the natural resources.

2 Durham Meadows is the geographic name of a
wetland located west of Durham Center.
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Purpose and Scope

This report describes the geohydrology
and water quality of the Durham Center area.
It summarizes the findings of several published
and unpublished reports and maps that were
reviewed as part of this study, as well as infor-
mation obtained from files of the USEPA,
USGS, the Connecticut Department of Envi-
ronmental Protection (DEP), the Connecticut
Department of Health Services (DOHS), the
town of Durham, and Regional School District
13. The report also contains the results of field
work, which included an extensive inventory
of wells; detailed geologic mapping, with
emphasis on interpreting the lithology and
structural features of the sedimentary bedrock;
surface-geophysical surveys; borehole-geo-
physical surveys; and measurements of stream
stage, streamflow, and water-level fluctuations
in wells. The surface-geophysical surveys
included 2 square-array, direct-current (dc)
resistivity traverses; 2 square-array dc-resistiv-
ity soundings; 5 very low-frequency electro-
magnetic (VLF-EM) traverses; and 7 ground-
penetrating radar (GPR) profile lines. The
borehole-geophysical surveys, in 13 drilled
bedrock wells, included several combinations
of caliper, temperature, gamma, fluid-resistiv-
ity, focused-resistivity, self-potential, sponta-
neous-potential, acoustic-televiewer, and
acoustic-velocity logs. Heat-pulse flowmeter
measurements were made at selected depths in
8 wells and television camera logs were
recorded on video tape for 10 wells. The report
also describes a conceptual model of the
movement and fate of organic contaminants in
ground water at Durham Center that should
provide guidance for any subsequent remedial
investigation and feasibility study.

Previous Studies

The Durham Center area was included in
aregional hydrologic study of the lower Con-
necticut River basin (Weiss and others, 1982)
and in a hydrogeologic study of the town of
Durham (Klimenok, 1989). The bedrock and

surficial geology of the area are described in
maps and reports by Simpson (1968a, 1968b),
Rodgers (1985), LeTourneau (1985), LeTour-
neau and McDonald (1985), and Stone and
others (1992). In March 1970, several com-
pounds, including tetrachloroethane and chlo-
roform, were found in water samples collected
by the DOHS from the well supplying the
Durham High School (now the Frank W.
Strong Middle School) and from Ball Brook
(fig. 1) (G.G. Bonadies, Connecticut Dept. of
Health Services, written commun., 1970).

No subsequent water-quality investiga-
tions are known to have taken place until the
DEP initiated a survey of ground-water quality
in 1982. During a 14-month period (January
1982 to February 1983), 78 separate water-
supply sources were sampled and analyzed by
the State and 14 of these sources were resam-
pled and reanalyzed. Additional analyses by
private laboratories of samples from six other
water-supply sources were collected during
this period. Analyses of samples for the Janu-
ary 1982 to February 1983 period represent the
most comprehensive data on ground-water
quality in the Durham Center area. The organic
halides trichloroethene (TCE), 1,1,1-trichloro-
ethane (1,1,1-TCA), and tetrachloroethene
(PCE) were the most commonly detected com-
pounds, but several other hydrocarbons were
detected less frequently. Most water samples
were collected from drilled domestic wells that
tap fractured sedimentary bedrock; the rest
were from dug wells that tap glacial till or
from springs.

Several studies have been done to
comply with DEP Pollution Abatement Orders
issued in 1982. Leggette, Brashears, and
Graham, Inc. (1982) studied ground-water
contamination in the southern part of Durham
Center. This study included an aquifer test to
determine hydraulic properties of the bedrock
and an analysis of flow and water quality in the
upper part of the saturated zone above the
bedrock. This firm also completed a soil-gas
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survey in June 1992 on properties located
southwest of the Durham Manufacturing Co.
(Robert LaMonica, Leggette, Brashears, and
Graham, Inc., written commun., 1992).

P.H. Roux Associates Inc. made a series
of studies in the northern and central parts of
the Durham Center area. The first study (Roux
Associates Inc., 1983) assessed the contamina-
tion of soil, glacial sediments, and ground
water at Merriam Manufacturing Co., summa-
rized the DEP water-quality data, and made
recommendations for further study. An addi-
tional study, made on behalf of Merriam Man-
ufacturing Co. in 1988 (Roux Associates Inc.,
1988), included more extensive investigation
of the contamination of soil and glacial sedi-
ments, installation of bedrock monitoring
wells, and collection and analyses of ground-
water samples. An analysis of water-quality
data led to conclusions about the general direc-
tions of ground-water flow, relations between
TCE concentrations in water from bedrock
wells and proximity to Merriam Manufactur-
ing Co., and seasonal trends in TCE concentra-
tions in ground water.

A second phase of the site investigation
at Merriam Manufacturing Co., starting in
1989 and ending in March 1990, is described
in three reports (Roux Associates Inc., 1990a,
1990b, and 1990c). This investigation included
additional study of the contamination of soil
and glacial sediments on the Merriam property,
assessment of ground-water flow eastward to
adjacent wetlands, fracture-trace analysis,
installation of additional bedrock monitoring
wells, and hydraulic tests of selected bedrock
monitoring wells (includes testing intervals
isolated by a packer). The study identified
principal areas of contaminated soils and gla-
cial sediments, presented evidence of eastward
flow of ground water, established a relation
between orientation of fracture traces and
higher concentrations of TCE in domestic
wells, and found that TCA rather than TCE
had become the dominant organic contaminant
in some on-site bedrock monitoring wells.

Roux Associates Inc. made a soil-gas
survey at Merriam Manufacturing Co. in
August 1990 (D.A. Costolnick, Roux Associ-
ates Inc., written commun., 1990) and col-
lected and analyzed samples of soil and glacial
sediments from two new borings in November
1990. Additional piezometers were installed
east and northeast of Merriam Manufacturing
Co. in November 1990 (Roux Associates Inc.,
1990a), and in 1991, a water-quality screening
program was proposed (Roux Associates Inc.,
1991a). This latter report (Roux Associates
Inc., 1991a) also summarized the water-quality
data collected during August 1988 - October
1990, evaluated water-quality trends during
this period, and estimated where the perimeter
of the plume of contaminated ground water
associated with Merriam Manufacturing Co.
was located.

The most recent study for Merriam Man-
ufacturing Co. included a soil-gas survey at
Merriam Manufacturing Co. and sampling and
analysis of storm-water runoff from the roof of
Merriam Manufacturing Co. (Haley and Ald-
rich, 1992). This study, made in July and
August 1992, found TCA, TCE, and PCE at
most soil-gas sampling sites and low concen-
trations of TCA in runoff from the roof of
Merriam Manufacturing Co.

In August, 1989, Roy F. Weston Inc.,
under contract to USEPA, collected shallow
soil samples at Merriam Manufacturing Co.
and a water sample from the company’s pro-
duction well. Analytical results are contained
in a report prepared for USEPA (Roy F.
Weston Inc., 1989). Metcalf and Eddy Inc.,
also under contract to the USEPA, collected
samples of surface water, soil, and stream-bot-
tom sediment in the Allyn Brook watershed in
July 1993. These data, together with previous
analyses of water, soil, and glacial sediment,
are included in a data compilation prepared for
USEPA (Metcalf and Eddy Inc., 1994).

INTRODUCTION 5



PHYSICAL AND HYDROLOGIC
SETTING

Physiography and Geology

Durham Center is near the eastern border
of a broad north-south-trending lowland in
central Connecticut and Massachusetts; this
lowland is variously known as the Connecticut
Valley Lowland, the Central Lowland, or the
Hartford Basin (fig. 1). The lowland is divided
into eastern and western sections by a band of
locally offset, narrow, linear ridges called
traprock ridges. Several miles to the west and
south of Durham Center, traprock ridges rise
600 to 800 ft above sea level. About 2 mi to
the east of Durham Center, the Eastern
Highlands of Connecticut also reach altitudes
greater than 700 ft. Durham Center, which is
located on the north-central part of the Durham
77.5-minute topographic quadrangle map, lies
on a low hill that rises to about 240 ft above
sea level within a broad basin defined by the
surrounding higher hills (fig. 2). This basin
slopes northward and is drained by the
Coginchaug River, which flows through a low-
lying, fairly flat area, Durham Meadows, just
west of Durham Center. To the east of Durham
Center, a less extensive flat-lying area is
drained by Ball Brook and Hersig Brook; these
join north-flowing Fowler Brook and become
Allyn Brook, which flows westward through a
rock gorge to Durham Meadows and the
Coginchaug River.

The physiography of the area is a result
of geologic processes acting over an extended
period. Differential effects of erosional pro-
cesses on the lithology and structure of the
underlying bedrock, including those of rela-
tively recent continental glaciation, produced
the existing configuration of the bedrock sur-
face. Deposition of glacial sediments during
the retreat of the last (late Wisconsinan) ice
sheet and minor postglacial stream erosion

modified the bedrock surface, resulting in the
present physiography.

The geology of the area is shown in fig-
ure 3. Highlands to the east of Durham Center
are underlain by erosion-resistant, crystalline
(metamorphic and igneous) rocks of Paleozoic
age including schist, gneiss, and intrusive peg-
matite (figs. 3a and 3c). The traprock ridges to
the west and south of Durham Center are
formed of highly resistant, igneous rocks con-
sisting of tholeiitic basalt of Early Jurassic age.
These rocks are eastward-dipping massive lava
sheets and are extensively fractured by joints
that formed when the lava cooled.

The area beneath Durham Center, as well
as the rest of the Connecticut Valley Lowland
(exclusive of the traprock ridges), is underlain
by layered sedimentary rocks that are more
readily eroded and weathered than the meta-
morphic or igneous rocks. These rocks include
sandstone, siltstone, shale, and conglomerate
that accumulated in an asymmetric, block-
faulted, rift basin during Late Triassic to Early
Jurassic time. The basin was created by verti-
cal downward movement along a west-dipping
normal fault, which is composed of a series of
north- and northeast-striking segments. This
fault (the Eastern Border Fault) marks the east-
ern extent of sedimentary rocks in contact with
crystalline rocks of the Eastern Highlands.
Sediment was deposited by rivers that flowed
from the east and west into the rift basin; sedi-
mentation was concurrent with rifting and
sinking of the basin, so that movement on the
Eastern Border Fault strongly affected deposi-
tional processes in the basin (Eaton and Rosen-
feld, 1960; LeTourneau, 1985). Exposed strata
typically dip 10° to 20° east toward the border
fault. In the central part of the basin, many
northeast-striking, west-dipping, normal faults
cut and offset the traprock ridges and sedimen-
tary rocks.
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where it is sometimes in the bedrock. The till
beneath most of the Merriam Manufacturing
Co. property may be saturated only when the
water table is much higher than average--at
other times the water table is beneath the
bedrock surface except in the wetlands east of
the facility. A thick capillary fringe probably
exists above the water table at both locations

Any NAPL that percolates through the
fill and soil at a spill site or accumulates at the
bottom of an open pit or subsurface disposal
system could enter the underlying till.
Although fracturing has not been reported in
till at either manufacturing facility, it is
assumed to be present because fractured lodg-
ment till is common in this part of Connecti-
cut. Accordingly, the downward movement of
NAPL’s or dissolved organic compounds in till
is seen as being almost entirely through a net-
work of interconnected, small-aperture frac-
tures and other secondary openings, such as
root casts. Some lateral spreading is likely at
the top of the till and, where the pores or frac-
tures contain water, the capillary pressure at
the entrance to the opening would exceed the
entry pressure (Kueper and others, 1992).
Movement of NAPL’s within the till would be
lateral where vertical or steeply dipping frac-
tures intersect the more numerous subhorizon-
tal fractures. Some lateral spreading also takes
place at the base of the unsaturated zone (the
water table or the top of the capillary fringe,
where present).

Some of the NAPL would volatize in the
unsaturated zone and the vapor would move
away in all directions. Vapor would be prefer-
entially transported through the more perme-
able fractures or any other type of secondary
openings, but some vapor would enter and
move through the till matrix. Part of the mass
of NAPL is retained at residual saturation lev-
els in the unsaturated, fractured till, but the
total amount retained is small in comparison to
an equivalent volume of porous media
(Schwille, 1988). In the case of DNAPL’s, the
retention is in the form of films or blebs on the

surfaces of the fractures. A fluctuating water
table could remove some of the residual
DNAPL and transport it deeper into the satu-
rated zone. Transient retention of dissolved
organics that are able to enter the low-perme-
ability till matrix would also take place; the
effects of this contaminant retardation on the
quality of water and glacial sediments are
unknown.

Although the movement and fate of
LNAPL'’s are not the focus of this conceptual
model, it should be noted that their downward
movement ends at the water table or capillary
fringe. If the LNAPL is transported that far, it
will (1) dissolve in water at the interface
between the floating lens of organic liquid and
underlying ground water, (2) move as a lens in
the direction of the water-table gradient, or (3)
vaporize and move into the unsaturated zone.

Below the water table, or capillary
fringe, the processes affecting DNAPL move-
ment and retention differ somewhat from what
has been described. The migration through
fractures in the unsaturated till is shown in fig-
ure 29 as being relatively uniform. Below the
water table, the migration is conceptualized as
less uniform, because of the higher entry pres-
sures required to move DNAPL into a water-
filled fracture and the reduction in the volumes
of DNAPL resulting from residual saturation.
There is continued dissolution and diffusion
into the till matrix. The dissolved mass is
transported downgradient with the flowing
ground water, resulting in a contaminant
plume. At Durham Manufacturing Co., the
horizontal gradient in the upper part of the sat-
urated zone is eastward toward Ball Brook.
The direction and magnitude of vertical gradi-
ents have not been determined, but significant
downward gradients are likely where water
levels in the bedrock are lower than the water
table in till because of pumping bedrock wells.

Most ground water in the till would flow
through the fractures; very little would flow
through the low-permeability matrix. The dis-
solved constituents, however, would diffuse
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into or out of the till matrix, depending on their
concentrations in water within fractures and
water within the adjacent matrix. During a
period of several years during which ground-
water transport was continuous, a large mass
of dissolved organic constituents could have
accumulated in the till matrix.

DNAPL'’S would also be retained in the
saturated zone (residual saturation).
Vaporization would not occur, and any
reduction in the mass of DNAPL would result
from dissolution and microbial degradation.
Microbial degradation would likely be a
principal means for the removal of DNAPL'’s
and dissolved-phase organic compounds from
the saturated zone.

Whether the organic halides and other
organic compounds that are found within the
bedrock-aquifer system entered the bedrock in
the nonaqueous phase is unknown. The
conceptual model considers entry of both
aqueous and nonaqueous phase organic
compounds into the bedrock. The likelihood of
direct entry of nonaqueous phase liquids,
particularly DNAPLs, is high in view of
several factors that have been already cited,
such as the long history of use prior to
elimination or reduction of wastewater
discharges, the ability of even small volumes
of DNAPL’s to migrate a great distance
through low-porosity material such as
fractured till, the relatively shallow depth of
the bedrock, and the ability of a fluctuating
water table to transport residual DNAPL
deeper into the unsaturated zone.

The entry of dissolved organic
compounds into the bedrock at the Durham
Manufacturing Co. would be controlled by
local hydraulic gradients. No data on the
direction and magnitude of hydraulic gradients
between the saturated till and underlying
bedrock are known to have been collected at
this locale. However, the pumpage of the
Durham Manufacturing Co. supply well
(USGS well D-212 in fig. 7) can produce
substantial drawdown and water levels in

bedrock wells in the area are commonly
several feet lower than the bedrock surface
(Leggette, Brashears, and Graham, Inc., 1982).
This pumpage may locally result in large
vertical hydraulic gradients and downward
flow between saturated till and bedrock.

Any DNAPL that penetrated the entire
thickness of till at this location would likely
continue its vertical migration into the
underlying fractured shales and sandstones.
Lateral flow down the slope of the bedrock
surface would continue until a permeable
fracture was encountered. Some DNAPL could
be retained in pools formed by depressions on
the surface of low-permeability bedrock. Once
in the bedrock, the DNAPL would move
downward through the network of
interconnected open fractures and bedding
planes until its source was exhausted. The
processes affecting movement and retention in
the bedrock are similar to those in fractured
till. The direction of movement would be
largely controlled by the orientation of
fractures and bedding planes. The orientations
that have already been described include
fractures that commonly strike northeastward
and dip steeply to the southeast and northwest
(figs. 10 and 16); beds that strike NNW and
dip gently eastward, and the fault that crosses
the Durham Manufacturing Co. property,
which strikes northeastward and dips steeply
to the northwest.

DNAPL in the bedrock could be retained
as blebs or films on fracture surfaces or
accumulations trapped in closed-end fractures
and bedding-plane openings. The residual
DNAPL would be subject to dissolution into
ground water flowing through the fracture
network and might also be mobilized by
fluctuating water levels.

The organic compounds that enter bed-
rock in the aqueous phase, or are dissolved in
ground water after entry, are transported away
from the source areas, resulting in a plume (or
plumes) of degraded ground water. Most flow
of ground water and transport of dissolved
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organic constituents is through the network of
interconnected fractures and bedding plane
openings and is affected by the degree of con-
nectivity of the openings and the variation in
aperture along fracture or bedding planes.
Minor flow and transport take place through
the rock matrix, particularly through the
matrix of more permeable sandstone layers. As
in the case of till, dissolved organic com-
pounds diffuse into the rock matrix from the
ground water flowing through open fractures
and bedding planes. Diffusion may greatly
retard the movement of the mass of dissolved
organic constituents through the bedrock-aqui-
fer system, particularly in areas where the rock
has high intergranular (matrix) porosity and
the ground water in the fractures has high con-
centrations of organic compounds. This diffu-
sive interchange of organic halides between
fractures and the rock matrix has been identi-
fied by Bishop and others (1993a) as an impor-
tant process in similar sedimentary rocks that
are contaminated with TCE. The net effect is
to extend the length of time during which con-
taminated ground water is present. Sorption of
dissolved organics on carbonaceous material
present in gray and black siltstone and shale
units is also possible, but sorption would be
minimal in the other sedimentary rocks (Bourg
and others, 1993).

Cyclical pumping of wells at Durham
Manufacturing Co. and Merriam Manufactur-
ing Co. results in the flow of ground water
toward these pumping centers. At other times,
when the plants are not operating, the pumping
of domestic wells along Main St. and Maple
Ave. affects the pattern of ground-water flow
in the Durham Center area. The predominant
northeast-southwest orientation of fracture
zones, the north to slightly west of north strike
of bedding and some fractures, together with
the pumping-induced gradients, have appar-
ently resulted in preferential movement of dis-
solved contaminants to the southwest and
south of the source areas. The water-quality
data indicate that little transport occurs to the
west, which under natural conditions is

believed to be the general direction of ground-
water flow in the regional bedrock flow sys-
tem. Degradation of at least some of the
organic halides in the ground water is shown
by the presence of simpler (less chlorinated)
compounds, such as cis-1,2-DCE. In the con-
ceptual model, microbial degradation (biodeg-
radation) is considered the most likely
mechanism for long-term attenuation of the
organic contaminants. The rates at which
attenuation would occur and its effect on the
potability of the water are unknown.

The conceptual model described herein
is a general and, to some extent, speculative
one. An improved understanding of water-
quality degradation in the area would require
additional data and new investigative tech-
niques. Additional comprehensive water-qual-
ity analyses of samples from existing wells,
including analyses for organic halides that are
degradation products, and effective and well-
documented sampling protocols and quality-
assurance procedures are the most essential
requirement for assessing the magnitude of
contamination. Data on the depths and open
intervals of all monitored wells are also
needed.

Other techniques or information that
could provide additional insight on the three-
dimensional distribution of organic halides and
the complex hydrogeology controlling their
movement include the following:

(1) Collection and analysis of continuous
core samples of till and bedrock, particularly
in areas where contaminants may have been
introduced into the subsurface. Analyses of
pore fluids from these cores would provide
information on the presence or absence of
DNAPL’s, concentrations of dissolved organic
compounds in water from the till and rock
matrices, and the importance of the process of
diffusion in retarding contaminant transport.
The core samples also could be used to deter-
mine intergranular (matrix) porosity and
hydraulic conductivity.
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(2) Additional borehole-geophysical sur-
veys, particularly acoustic-televiewer logs and
heat-pulse flowmeter measurements made
under ambient and pumped conditions. Other
newer borehole-logging techniques, such as
borehole radar (Olsson and others, 1992) and
borehole seismic tomography (Wright and oth-
ers, in press), can determine the extent and
interconnection of fractures over relatively
large distances (greater than 100 ft in some set-
tings). These logs, together with enhanced
television images, would allow refinement and
extension of bedrock lithologic and structural
interpretations.

(3) Accurate head measurements to
define natural and induced vertical and hori-
zontal gradients in the till and bedrock. These
measurements would require temporary cessa-
tion of ground-water withdrawals from the
bedrock and (or) controlling withdrawal rates,
which would be difficult. Delineation of head
changes would also require use of packers to
isolate zones within well bores.

(4) Hydraulic tests and forced-gradient
tracer tests to determine bulk permeability of
the bedrock, the hydraulic conductivity of
individual fractures or fracture zones, and the
interconnection of fractures. Cross-borehole
flow tests together with borehole geophysics

are reportedly effective in identifying hydrau-
lic connections between fracture zones (Paillet,
1993).

(5) Collection and analysis of water sam-
ples from isolated zones of water inflow and
outflow in bedrock wells. The resulting infor-
mation would help define the vertical distribu-
tion of contaminants in the bedrock-aquifer
system.

Much of the needed information can be
obtained only by drilling additional holes,
which could conceivably facilitate an increase
in the extent of contamination of the bedrock-
aquifer system. A sequential procedure for
investigating contamination by organic halides
in areas geohydrologically similar to Durham
Center has been recommended by Lerner and
others (1993b). This procedure attempts to
minimize the spread of contamination by ini-
tially drilling outside of contaminated areas.
Within or near to contaminated areas, drilling
methods that prevent the possibility of cross-
contamination are used. One such method
involves incremental drilling that stops at each
low-permeability zone. Casing is extended to
the low permeability zone; the basal part of the
hole is then plugged and drilling is continued
throughout the plug.
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SUMMARY AND CONCLUSIONS

Widespread and persistent contamination
of ground water beneath Durham Center is
well documented by analytical data. The prin-
cipal contaminants are organic halides, most
commonly TCE, 1,1,1-TCA, and PCE.
Organic halides in water from the sedimentary
bedrock aquifer at concentrations that exceed
the U.S. Environmental Protection Agency
maximum contaminant levels for drinking
water are a major environmental concern. Less
extensive contamination of surface water, soil,
and glacial sediments also has been observed.
Two manufacturing companies, in the northern
and southern parts of this area, were identified
by the Department of Environmental Protec-
tion in 1982 as the principal sources of the
organic contaminants, although other possible
sources have been noted. Discharge of waste-
water into subsurface disposal systems has
undoubtedly redistributed organic contami-
nants at some locations.

The regional and local geohydrology of
the area is highly complex with respect to the
lithology, structural features, hydraulic proper-
ties, and the flow of ground water in the
unconsolidated glacial deposits and sedimen-
tary rocks. Compact lodgment till, 5 to 30 ft
thick, overlies the bedrock at Durham Center,
whereas stratified-drift deposits are present
only in valleys to the east and west. The till 1s
believed to be fractured, on the basis of obser-
vations at nearby exposures. The bedrock con-
sists of a sequence of layered sedimentary
rocks; highlands to the east of Durham Center
are underlain by crystalline rocks.

The sedimentary bedrock is lithologi-
cally heterogeneous and is composed mainly
of red fluvial sandstone, siltstone, and con-
glomerate; locally interbedded with gray
lacustrine sandstone and black shale. The
sandstone units are largely composed of
quartz, feldspar, and metamorphic rock frag-
ments with albite and carbonate cements.
Organic carbon is present in the lacustrine

units, where it reportedly ranges from 1 to 4
percent by weight.

The sedimentary rocks have a generally
northward strike and a gentle eastward dip. At
least one high-angle normal fault cuts the bed-
rock beneath Durham Center. This fault,
termed the Ball Brook fault in this report,
strikes northeast and dips to the northwest. The
presence of this fault, initially inferred from
regional geologic information, has been cor-
roborated in this study by surface-geophysical
surveys. Additional faults may also cut the
rocks in this area but have not been confirmed
by geophysical methods. Acoustic-televiewer
logs, measurements made at outcrops near
Durham Center, and azimuthal, square-array
dc-resistivity soundings indicate that fractures
in these rocks have a dominant northeast strike
and dip steeply to the northwest and southeast.

Recharge to till and bedrock is estimated
to average about 8 in/yr on the basis of studies
elsewhere in Connecticut. Both till and sedi-
mentary bedrock are dual-porosity, dual-per-
meability media; most flow is through
networks of interconnected fractures but some
flow is also through the granular matrix of
these materials. The hydraulic conductivity of
the bulk mass of till is generally a few tenths of
a foot per day to about 2.5 ft/d, but the hydrau-
lic conductivity of the till matrix is one to two
orders of magnitude less. Average total poros-
ity of the till matrix is about 25 percent; frac-
ture porosity is currently unknown but is
probably small (less than 1 percent). Transmis-
sivity and storativity of the sedimentary bed-
rock have been estimated at many well sites,
based on analysis of aquifer tests and specific-
capacity data. These analyses assume artesian
conditions and result in estimated transmissivi-
ties that range from less than 1 ft%/d to about
1,700 ft2/d and estimated storativities that
range from 107 to 10°*. The accuracy of these
estimates is uncertain, largely because field
conditions failed to meet assumptions inherent
in the methods of analyses. The intergranular
porosity is estimated to average about 5 per-
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cent in the sandstones and siltstones on the
basis of measurements made elsewhere in
Connecticut. The fracture porosities of 1.1 and
2.7 percent were estimated from square-array
dc-resistivity sounding data but these values
may be too high because the analytical method
assumes all anisotropy is caused by fractures.

A local ground-water-flow system is in
the upper part of the saturated zone with a
water-table configuration that is generally
undefined but is likely a subdued reflection of
the topography. Ground-water discharge from
this flow system, under natural conditions, is to
adjacent streams such as Ball Brook, Hersig
Brook, and Allyn Brook. Water-level observa-
tions made at many locations over several
decades indicate that the depth to the water
table may vary from less than 3 ft to 26 ft, and
the water table may be in the bedrock at some
sites.

A larger-scale ground-water-flow system
in the bedrock is evidenced by the transport of
organic contaminants beneath topographic
highs that define surface-water drainage
divides in the Allyn Brook basin. Ground-
water flow in the bedrock, however, is poorly
understood, and the bedrock shows features of
both a single unconfined aquifer and a multi-
unit artesian or leaky-aquifer system. The
numerous bedrock wells have changed the nat-
ural flow system by altering the direction and
magnitude of hydraulic gradients and connect-
ing fractures that were hydraulically isolated.
Neither the details of the ground-water flow
paths nor the nature of the aquifer system can
be resolved without additional data.

The contaminants at Durham Center are
principally organic halides that are volatile,
denser than water, and only slightly soluble in
water. These compounds are likely to have
entered the subsurface as DNAPL’s. Analytical
data currently available are insufficient for a
comprehensive assessment of water quality.
Data on surface-water quality are sparse, but
recent (1993) analysis of samples collected
during a low-flow period indicate that degrada-

tion of streams by organic halides is minimal.
Most ground-water analyses are insufficient to
evaluate water quality because concentrations
of only a few compounds, primarily TCE,
1,1,1-TCA, and PCE, are reported. These data
show that concentrations of organic halides in
ground water from bedrock can differ consid-
erably from one place to another as well as
with time. Several general patterns are present,
but at most wells, the concentrations show a
relatively narrow range of fluctuation (one or
two orders of magnitude) during periods of
several years. Some degradation to less chlori-
nated compounds has also taken place as evi-
denced by the presence of compounds such as
1,1 DCE.

The geohydrologic and water-quality
information collected at Durham Center,
together with recent research on the subsurface
transfer and fate of organic halides in ground
water, have been used to develop a conceptual
model of the transport and fate of organic con-
taminants in this area. Several conclusions,
some of which are speculative, have been
derived from this conceptual model. These
conclusions are as follows:

(1) The principal ground-water contami-
nants are dense, low-solubility compounds.
The documented long period of use and past
handling and disposal practices at Durham
Manufacturing Co. and Merriam Manufactur-
ing Co., and relatively high concentrations in
some samples of ground water from shallow
wells, make it likely that DNAPL’s were, and
may still be, present in subsurface materials,
although none have been observed.

(2) The persistence of high concentra-
tions of organic halides in ground water from
several bedrock wells located near purported
sources indicates that there is some mechanism
for contaminant retention. This mechanism
could be residual saturation by DNAPL’s in
open pores in the upper part of the till, in frac-
ture planes in deeper parts of the till, or in frac-
ture planes in the bedrock; diffusion into the
intergranular pores of the till and (or) bedrock;
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or temporary sorption on carbonaceous mate-
rial and mineral surfaces. Residual saturation
of till or bedrock has not been identified near
any of the source areas but the possibility can-
not be overlooked. Detection of DNAPL resid-
ual saturation in the fractured till or fractured
bedrock could be difficult. The most probable
mechanism for retaining dissolved organic
contaminants in the saturated till or bedrock is
matrix diffusion. The significance of this pro-
cess in retarding contaminant movement has
been identified in several of the studies cited in
this report. Diffusion into the till or rock
matrix, particularly into the more porous,
coarse-grained layers of bedrock, could like-
wise result in significant retention and retarda-
tion of dissolved-phase constituents at Durham
Center.

(3) An alternative explanation for the
persistence of high concentrations of organic
halides in ground water--namely, continued
release from known or unknown sources--is
possible. The water in the unlined, artificial
pond east of Durham Manufacturing Co.
reportedly had low concentrations of organic
halides that could be transported into the
subsurface. In the nonaqueous phase, these
compounds could sink, accumulate on the
pond bottom, and then enter the subsurface as
DNAPL's.

(4) The transport of dissolved organic
halides is affected by the structural features of
the sedimentary bedrock. Preferential move-
ment to the south and southwest of the pur-
ported source areas is coincident with the
strike direction of the Ball Brook fault, the
dominant and secondary strike directions of
high-angle fractures, and the general strike
direction of bedding. On the smaller scale, evi-
dence indicates that ground water and associ-
ated dissolved contaminants flow through both
the high-angle fractures and openings along
gently dipping bedding planes.

(5) The flow of ground water and trans-
port of dissolved organic compounds have also
been affected by pumping from the numerous
bedrock wells in this area. Results of aquifer
tests indicate that some wells are hydraulically
connected by the fracture network whereas
others are not. Wells serve to connect fractures
that were formerly isolated, as evidenced by
heat-pulse flowmeter measurements made
under ambient conditions. Pumpage also
affects ground-water flow and contaminant
transport by creating or altering hydraulic gra-
dients. Large withdrawals, such as at Durham
Manufacturing Co., can affect hydraulic head
over distances of several hundred feet.
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APPENDIX 1: Borehole-Geophysical Logs
(See fig. 8 for well locations and fig. 10 for interpreted lithologic logs.)
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ACOUSTIC ACOUSTIC VELOCITY,
HOLE DIAMETER, AMPLITUDE, IN MICROSECONDS
IN INCHES INMILLIVOLTS PER FOOT
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DEPTH BELOW TOP OF CASING, IN FEET
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